Introduction
============

The photochemistry and photophysics of the rhenium(I) complex *fac*-\[Re(bpy)(CO)~3~Cl\] (**1 a**; bpy=2,2′-bipyridine) have generated substantial interest because this complex emits from the triplet metal-to-ligand charge-transfer (MLCT) excited state even in solution at ambient temperature[@b1] and can function as a photocatalyst for CO~2~ reduction.[@b2] Recently, the application of **1 a** and its derivatives in electroluminescence processes[@b3] and dye-sensitized solar cells[@b4] has been reported, and it has also been used as a building block for various photoactive supramolecular systems.[@b5] The photostability of **1 a** is one of the key reasons why this type of rhenium(I) diimine complex has been used so often in various research applications. In fact, the decomposition of **1 a** does not occur by irradiation when using 366 nm or longer wavelength light in either solution or crystal form.[@b6] Therefore, only limited information on the excited states of **1 a** has been reported except for the lowest ^3^[m]{.smallcaps}LCT excited state from which energy- and electron-transfer reactions proceed.[1f](#fig01){ref-type="fig"}, [@b1h], [@b2d],[@b6], [@b7] Recently, ultrafast emission spectroscopy was applied to **1 a**, and the kinetics of intersystem crossing from the singlet MLCT excited state and vibrational relaxation processes of the hot triplet states have been reported.[@b8a], [@b8e]

We recently reported both the photochemical ligand substitution[@b9a] and isomerization[@b9b] reactions of **1 a** for the first time. Irradiation of a solution of **1 a** in MeCN (\<330 nm wavelength light) causes photochemical ligand substitution, thus giving two isomers: (*OC*-6-34)*-*\[Re(bpy)(CO)~2~Cl(MeCN)\] (**2 a**) and (*OC*-6-24)-\[Re(bpy)(CO)~2~Cl(MeCN)\] (**2 c**) \[Eq. ([1](#m1){ref-type="disp-formula"})\]. One of the isomers (**2 a**) is both thermally and photochemically stable, whereas interconversion between the Cl^−^ and CO ligands of **2 c** proceeds thermally to give the third isomer, (*OC*-6-44)*-*\[Re(bpy)(CO)~2~Cl(MeCN)\] (**2 b**) \[Eq. ([2](#m2){ref-type="disp-formula"})\]. On the other hand, in THF, the photochemical isomerization of **1 a** proceeds by irradiation (\<330 nm wavelength light) to give the *mer* isomer (**1 b**) \[Eq. ([3](#m3){ref-type="disp-formula"})\]. Since these products do not emit at room temperature, these reactions are potentially deactivation processes of **1 a** as a photocatalyst and as a photofunctional material.

These photochemical reactions of **1 a** showed the following significant features: 1) the presence of O~2~ does not affect the rate of the disappearance of starting complex **1 a** during the photochemical reactions. 2) The quantum yields of the photochemical reactions are strongly dependent on the wavelength of light used for irradiation (i.e., light with energy higher than 330 nm, which corresponds to the π--π\* absorption and/or the relatively higher-energy portion of the MLCT absorption, induces both photochemical reactions), whereas these reactions do not occur under irradiation with 365 nm light, which corresponds to the lower-energy part of the MLCT absorption. 3) Time-resolved IR measurements in MeCN indicate that the photochemical ligand substitution of **1 a** is complete within 50--100 ps. These facts clearly show that both the photochemical ligand substitution and isomerization reactions do not proceed through the lowest ^3^[m]{.smallcaps}LCT excited state. Therefore, a more detailed study of these photochemical reactions should initiate more thorough investigations of other higher excited states of **1 a**.

Here, we report a comprehensive evaluation of the photochemistry of **1 a**, in which the characteristics of these photochemical reactions are connected with kinetic and structural information on the short-lived excited states of **1 a** obtained by ultrafast time-resolved (TR) UV-visible and IR absorption, and emission spectroscopy.

Experimental Section
====================

**Materials**: THF was distilled from Na/benzophenone just before use. Acetonitrile was dried three times over P~2~O~5~ and was then distilled from CaH~2~ prior to use. Other reagents were purchased as reagent grade and were used without further purification. The complex *fac-*\[Re(bpy)(CO)~3~Cl\] **(1 a)** was synthesized according to previously reported methods.[@b1d]

**Photochemical reactions**: A solution of 1.0 m[m]{.smallcaps} **1 a** (4.0 μmol, 4 mL) was irradiated with 313 nm light using an Ushio 500 W high-pressure Hg lamp with an Asahi Spectra band-pass filter/313 nm. A gentle stream of argon was bubbled into the solution for about 15 min, and then the solution was photolyzed. The solution was kept at (25±1) °C during irradiation using a temperature control unit (TAITEC LbBath LB-21 JR). This unit was also used for temperature-dependence experiments. The disappearance of **1 a** and the formation of the products were followed by HPLC using a Shimadzu LC-10AD*VP* pump with a Develosil ODS-UG-5 column (250 mm×4.6 mm), a Rheodyne 7125 injector, a Shimadzu FCV-10AL*VP* gradient unit, and a Shimadzu SPD-10AV*VP* detector. The column temperature was kept at 297 K using a Shimadzu CTO-10AC*VP* oven, and a 1:1 (v/v) mixture of MeOH and a KH~2~PO~4~--NaOH buffer (0.05 [m]{.smallcaps}; pH, 5.9) was used as the eluent.

**DFT calculations**: Geometry optimization and frequency analyses in the gas phase were carried out for the electronic ground state of \[Re(bpy)(CO)~2~Cl\] at the B3LYP[@b10], [@b11] level of theory by employing the Firefly QC package,[@b12a] which is partially based on the GAMESS (US)[@b12b] source code. The Hay--Wadt VDZ (*n*+1) effective core potentials and basis sets (LANL2DZ)[@b13] were used for the Re atom. The Pople 6-31G\* basis set with a pure d function[@b14] was used for C, H, N, O, and Cl atoms. The local minima were confirmed by frequency analyses.

All solutions were bubbled with N~2~ or Ar gas before the following time-resolved spectroscopic experiments.

**Fluorescence upconversion measurement**: Time profiles of the fluorescence in the sub-picosecond to 100 ps time region were measured by using a homemade fluorescence up-conversion apparatus.[@b15] A Ti:sapphire laser system (Verdi-V8 pumped Mira 900, Coherent, Inc.) was used as a light source (120 fs, 76 [MHz]{.smallcaps}, 800 mW at 820 nm). The pulses were further compressed up to approximately 70 fs fwhm using a prism pair compressor. The second harmonic (ca. 20 mW) was generated in a 0.1 mm-thin BBO crystal and was focused onto the sample circulating in a flow cell (50 mL min^−1^) with a 1 mm light path length to generate the fluorescence. This was collected by a pair of parabolic mirrors and focused, together with the residual fundamental laser pulse, on a 0.4 mm BBO type I crystal to generate the up-converted signal at the sum frequency. After passing through a grating monochromator, the signal was detected by a photomultiplier (R1527P) coupled with a photon counter (C5410) system (both from Hamamatsu Photonics). As an instrumental response function, the cross-correlation signal between the fundamental and its second harmonic pulses was used (fwhm≍130 fs).

**Time-resolved UV/Vis absorption spectroscopy**: A femtosecond dual NOPA/OPA laser system was used for transient absorption spectroscopy.[@b16] The output of a femtosecond Ti:sapphire laser (Tsunami, Spectra-Physics) pumped by the second harmonic generation (SHG) of a continuous wave (cw) Nd^3+^:YVO~4~ laser (Millennia Pro, Spectra-Physics) was amplified with a 1 kHz repetition rate by using a regenerative amplifier (Spitfire, Spectra-Physics). The amplified pulse (802 nm, 0.9 mJ pulse^−1^, 85 fs fwhm, 1 kHz) was divided into two pulses with the same energy (50 % each). One of the two pulses was guided into a NOPA system (TOPAS-white, Light-Conversion), which covers the wavelength region between 500 and 780 nm with 1--40 mW output energy with approximately 20--40 fs fwhm. The wavelength of the NOPA was frequency-doubled by a 100 μm BBO crystal and used as the excitation laser pulses (UV region: 270 and 360--370 nm). After compression by a prism pair, the SHG in the UV region was used as a pump pulse with the intensity of 0.1 μJ pulse^−1^ at 270 nm and 0.2 μJ pulse^−1^ at 360--370 nm. The pulse duration at the sample position was estimated to be approximately 50 fs fwhm by FROG signals. The other pulse at 802 nm was guided into an OPA system (OPA-800, Spectra-Physics) and was converted to a 1200 nm pulse, which was focused on a 3 mm CaF~2~ plate to generate a white-light continuum covering the wavelength region from 350 to 1000 nm. This white light was used as a probe pulse. The polarization angle between the pump and the probe pulses was set at the magic angle for all measurements. The probe pulse was divided into signal and reference pulses, detected with multichannel photodiode array systems (PMA-10, Hamamatsu), and sent to a personal computer for further analysis. The chirping of the monitoring white light continuum was corrected for transient absorption spectra. The fwhm of the cross correlation between the pump and probe pulses was approximately 100 fs at the sample position. A rotational cell was used for femtosecond transient absorption and up-conversion measurements. The optical path length was 100 μm. Fused quartz plates with 1 mm thickness were used for windows of the rotational cell. Absorbance values at 370 and 270 nm were 0.80 and 0.82, respectively. The kinetic data were analyzed by linear or nonlinear least-squares methods by using commercial software (Igor Pro, Wave Metrics) and homemade programs. The details have been reported elsewhere.[@b16]

**Time-resolved IR spectroscopy**: Time-resolved IR (TR-IR) measurements were carried out by using a femtosecond broadband mid-IR pulse and a multi-channel IR detector equipped with a polychromator.[@b17] The broadband mid-IR pulse was generated by optical parametric amplification (OPA) and difference frequency generation (DFG) from a part of the output of a Ti:sapphire regenerative amplifier (center wavelength: 800 nm; pulse duration: 120 fs; repetition rate: 1 kHz). The energy width and tunable range of the IR pulse were 150 cm^−1^ and 1000--3500 cm^−1^, respectively. The sample excitation pulse was generated by doubling (400 nm) or tripling (266 nm) the energy of the output from the other part of the amplifier. The typical energies were 8 and 4 μJ pulse^−1^ for 400 and 266 nm, respectively. The delay time between the excitation pulse and the IR probe pulse was controlled by an optical delay line. The transient IR absorption spectrum was obtained with a liquid-nitrogen-cooled 64-element mercury--cadmium--telluride (MCT) array using a polychromator with a focal length of 19 cm (FPAS, Infrared Systems Development Co.). To obtain a better signal-to-noise ratio, the excitation pulse train was chopped alternately with an optical chopper, and the difference between the IR spectra with and without pump pulses was collected. The sample solution flowed inside an IR cell with CaF~2~ windows. The path length of the IR cell was 0.5 mm and the absorbance at this path length at 400 and 266 nm were approximately 0.2 and 2.0, respectively. The spot diameters of the pump and probe pulses at the sample were 300 and 150 μm, respectively.

Results and Discussion
======================

**Photochemistry in mixed solvents of THF and MeCN**: As we have already reported, irradiation of solution of **1 a** in THF caused the isomerization of **1 a** to the corresponding meridional isomer (**1 b**).[@b9b] However, the photochemical isomerization of **1 a** was drastically suppressed by the addition of a small amount of MeCN into the reaction solution. Figure [1](#fig01){ref-type="fig"} shows the dependence of the photochemical reaction of **1 a** (0.4 μmol) on the concentration of MeCN in mixed solutions of THF--MeCN under an Ar atmosphere for 30 min. Although the yield in the formation of **1 b** was 93 % in THF (based on the amount of **1 b** consumed), the addition of only 0.1 % MeCN to the solution caused a decrease in the yield of **1 b** to 49 % and the formation of one of the ligand-substitution products (**2 b**) in 49 % yield (Figure [1](#fig01){ref-type="fig"}a). In a mixed solution of 99 % THF and 1 % MeCN, the yield for the formation of **1 b** was less than 1 % and that of **2 b** was 71 %. Note that in the mixed solution, the rate of the disappearance of **1 a** did not change relative to that in THF, and **2 a** was hardly observed in the mixed system up to a concentration of 1 % MeCN. In a mixed THF solution with 5 % MeCN, the main product was still **2 b**, whereas **2 a** formed in 9 % yield based on the consumption of **1 a**. Higher concentrations of MeCN caused an increase in both the consumption of **1 a** and the formation of **2 a** but did not affect the formation of **2 b** (Figure [1](#fig01){ref-type="fig"}b). For example, in a 1:1 THF--MeCN mixed solution, irradiation for 30 min caused a 0.92 μmol decrease in **1 a** and the formation of **2 a** and **2 b** in 0.26 and 0.43 μmol yields, respectively, whereas 0.52 μmol of **1 a** was consumed in the THF solution that contained 1 % MeCN, thus giving 0.42 μmol of **2 b** with a very small amount of **2 a**, as described above.

![Dependence of the formation of **1 b** (▴), **2 a** (•), and **2 b** (▪) and the conversion of **1 a** (⧫) on the concentration of MeCN in the solutions of **1 a** (4.0 μmol) in THF--MeCN (4 mL). The solutions were irradiated using 313 nm light under an Ar atmosphere for 30 min: concentration of MeCN was a) 0--1 % and b) 0--100 %.](chem0018-15722-f1){#fig01}

The precursor of **1 b** should be the same as that of **2 b** because the increase in the formation of **2 b** (0.29 μmol) was similar to the decrease in the formation of **1 b** (0.27 μmol) by the addition of only 0.1 % MeCN into the THF solution (Figure [1](#fig01){ref-type="fig"}a), and the addition of more than 1 % MeCN did not cause an increase in the photochemical formation of **2 b** (Figure [1](#fig01){ref-type="fig"}b). These results also strongly suggest that the formation of both **1 b** and **2 b** proceeds by means of a dissociative mechanism. On the other hand, **2 a** should form through an associative mechanism because the yield of **2 a** was strongly dependent on the concentration of MeCN in the reaction solution.

The designated structures of the precursors and the suggested reaction mechanism are also strongly supported by the following experiment, in which a solution of **1 a** in acetonitrile was irradiated with 313 nm light under a CO atmosphere. In comparison with the results obtained under an Ar atmosphere, both the rate of the disappearance of **1 a** and that of the formation of **2 b** decreased by 15 %, but the rate of the formation of **2 a** did not change (see [Figure S1](#SD1){ref-type="supplementary-material"} in the Supporting Information). Another important difference was that isomerization product **1 b** formed even in a neat MeCN solution under a CO atmosphere with 8 % yield, whereas **1 b** was not produced by irradiation in MeCN under Ar. These results clearly indicate that the precursor of **2 a** cannot react with CO, whereas that of **2 b** reacts with CO to give both **1 a** and **1 b**. Therefore, the photochemical-induced formation of **1 b** and **2 b** should proceed through the formation of the coordinatively unsaturated complex \[Re(bpy)(CO)~2~Cl\], and furthermore, a seven-coordinate intermediate is the potential precursor of **2 a**.

The temperature dependence of the rate of formation of **2 a** was also very different from that of **2 b** (Arrhenius plots are shown in Figure [2](#fig02){ref-type="fig"}). The activation energies (*E*~a~) for the disappearance of **1 a** were (569±53) cm^−1^ in MeCN and (781±14) cm^−1^ in THF (see [Figures S2 and S3](#SD1){ref-type="supplementary-material"} in the Supporting Information). In neat MeCN, the formation rate of **2 b** was also dependent on temperature (*E*~a~=(1112±58) cm^−1^), whereas a much smaller temperature dependence was observed for the formation of **2 a** in neat MeCN (*E*~a~=(131±110) cm^−1^). It should be noted that the *E*~a~ value for the formation of **2 b** in MeCN was similar to that for the disappearance of **1 a** obtained in THF.[@b18] This also supports the idea that the formation of **1 b** and **2 b**, which is the thermal isomerization product of **2 c**, proceeds through the same intermediate (i.e., the coordinatively unsaturated complex).

![Arrhenius plots for the formation of **2 a** (blue) and **2 b** (red) by irradiation using 313 nm light in a solution of 1.0 m[m]{.smallcaps} **1 a** in MeCN under an Ar atmosphere. The yield of **2 b** was obtained after **2 c** was completely converted to **2 b** in the dark.](chem0018-15722-f2){#fig02}

It is worth noting that these activation energies are much smaller than those of the photochemical ligand substitution of *fac*-\[Re(bpy)(CO)~3~(PR~3~)\]^+^ (≍3500 cm^−1^), which proceeds by means of thermal activation from the lowest ^3^[m]{.smallcaps}LCT excited state to the triplet ligand field (^3^LF) excited state.[@b6]

**Mechanisms of the photochemical reactions**: All the results related to the photochemical ligand-substitution reactions described above (i.e., the dependence on the concentration of MeCN, the effect of the presence of CO, and the temperature dependence) clearly indicate that the mechanisms for the photochemical formation of **2 a** and **2 b** are different. On the other hand, the precursor of **1 b** produced by the photochemical isomerization of **1 a** in THF should be the same as that of **2 b**, as supported by the following results: 1) The addition of a small amount of MeCN into the THF solution caused both a decrease in the formation of **1 b** and an increase in the formation of **2 b** to a similar degree. 2) In the presence of CO, both the disappearance of **1 a** and the formation of **2 b** were inhibited, but **1 b**, which did not form under an Ar atmosphere at all, was produced even in MeCN. If we take these results into consideration along with the finding that the formation of **2 b** was not dependent on the concentration of MeCN (\>1 %) in the mixed solutions of THF--MeCN, we can conclude that the photochemical-induced loss of a CO ligand to give \[Re(bpy)(CO)~2~Cl\] is the initial step in the formation of both **1 b** and **2 c**, which is the precursor of **2 b**. For the production of either **1 b** or **2 c**, a flip of the Cl^−^ ligand of the initial intermediate(s) just after the dissociation of one of the CO ligands should be required \[Eq. ([4](#m4){ref-type="disp-formula"})\]. The observed activation energy (11.1 kJ mol^−1^ in MeCN)[@b18] for the formation of **2 b** is possibly attributable to this process.

The most stable structure of the coordinatively unsaturated intermediates \[Re(bpy)(CO)~2~Cl\] was calculated using the B3LYP/DFT method (Figure [3](#fig03){ref-type="fig"}). In this structure, the Cl^−^ ligand is nearly coplanar with the bpy ligand, and the angle between the Cl--Re bond and the least-square plane of bpy is 36°. Therefore, it is understandable that the loss of CO from the excited state of **1 a** is followed by flip of the Cl^−^ ligand and then re-coordination of CO or coordination of MeCN to give **1 b** or **2 c**, respectively (processes C and B in Scheme [1](#sch01){ref-type="scheme"}).[@b19] Slow isomerization of **2 c** gives the final product **2 b**.[@b6], [@b20]

![Optimized structure of the five-coordinate intermediates \[Re(bpy)(CO)~2~Cl\] calculated using the B3LYP/DFT method.](chem0018-15722-f3){#fig03}

![Mechanism of the photochemical reactions of **1 a** using 313 nm light in MeCN (processes A and B) or THF (process C).](chem0018-15722-f22){#sch01}

On the other hand, **2 a** should form by means of the associative mechanism initiated by the attack of an MeCN molecule on the excited state of **1 a** (process A in Scheme [1](#sch01){ref-type="scheme"}) because the yield of **2 a** was strongly dependent on the concentration of MeCN in the reaction solution, but the rate of formation of **2 a** was almost the same under a CO atmosphere as that under Ar.

We have recently reported that the photochemical formation of **2 a** and **2 b** from **1 a** in an MeCN solution with \<330 nm light was completed within 50--100 ps after excitation, which was supported by the time-resolved IR spectroscopy data.[@b9a] As described later, time-resolved UV/Vis absorption spectroscopic results also indicate that the formation of **2 a** is complete within 100 ps. This is in striking contrast to the photochemical ligand substitution reaction of \[W(phen)(CO)~4~\] (phen=1,10-phenanthroline) with PR~3~ (R=Me, Ph, and so on), which requires a few nanoseconds for completion.[@b21] The latter proceeds by means of the associative mechanism (i.e., nuclear attack of the phosphane on the lowest ^3^[m]{.smallcaps}LCT excited state of the complex), as shown in Equation ([5](#m5){ref-type="disp-formula"}), which is similar to the process used for the formation of **2 a**.

To gain a deeper insight into the mechanism, we investigated the effects of the solvent viscosity on the photochemical reaction of **1 a** using a 1:1 mixture of *N*,*N*-dimethylformamide (the absolute viscosity coefficient at 298 K is 0.794 MPa s)--MeCN (0.369 MPa s) and *N*,*N*-dimethylacetamide (1.956 MPa s)--MeCN, which have similar relative permittivity values (*ε*~DMF~=36.7; *ε*~DMA~=37.8). Although the reaction rates in both mixed solutions decreased compared with that in neat MeCN because the concentration of MeCN was reduced to 50 %, **2 a** and **2 b** formed quantitatively in both instances, and their ratios of formation were almost the same as that observed in the 1:1 THF (0.456 MPa s)--MeCN mixed solution. The rates of the disappearance of **1 a** were also identical within experimental errors in the three mixed solvents at temperatures between 287 and 323 K (see [Figure S4](#SD1){ref-type="supplementary-material"} in the Supporting Information). Therefore, we can conclude that the solvent viscosity does not affect the photochemical ligand substitution reaction, and it is clear that the formation of **2 a** does not include a process involving the diffusion of an MeCN molecule to the complex. The most reasonable mechanism for the formation of **2 a** is as follows: a MeCN molecule, which physically exists near an excited-state complex of **1 a**, the conformation of which is favorable for coordination to the Re center of the complex, rapidly coordinates to the complex without requiring any diffusion to give seven-coordinate intermediate **1 d** (Scheme [2](#sch02){ref-type="scheme"}). Subsequently, the CO ligand dissociates from **1 d** giving **2 a** (process A in Scheme [1](#sch01){ref-type="scheme"}). The photochemical-induced formation of **1 d** possibly proceeds by means of the attack of an MeCN molecule on the excited-state species of **1 a** with MLCT character, because in the MLCT excited state the electron density of the central Re is lower than that in the ground state. Therefore, nucleophilic attack by the nitrogen atom of MeCN at Re might become more favorable than attack at other excited states, such as MC and LC.

![Formation of **1 d**.](chem0018-15722-f23){#sch02}

Dissociation of the CO ligand from seven-coordinate intermediate **1 d** apparently requires extra energy at this stage, in contrast to what is needed for ligand dissociation from the W complex. This is supported by the findings that the formation of **1 b** did not proceed by excitation with 366 nm light, which selectively produces the lowest and second-lowest ^1^[m]{.smallcaps}LCT excited states,[@b8a] and the quantum yield of the formation of **1 b** increased as the wavelength of irradiated light became shorter. On the other hand, photochemical ligand substitution of the W complex proceeds by irradiation even at 458--577 nm, which is the absorption region of the lowest ^1^[m]{.smallcaps}LCT band, and the quantum yield of the reaction was independent of the excitation wavelength in the range of 458--577 nm.[@b22]

**Identification and kinetics of the excited states using time-resolved spectroscopy**: For directly clarifying the dynamics of the photophysical processes of **1 a** and the chemical reactions of its reactive excited states and intermediates, ultrafast time-resolved UV-visible absorption (TR-UV/Vis), emission (TR-EM), and IR (TR-IR) spectroscopy was employed.

Figure [4](#fig04){ref-type="fig"} shows the variation in the TR-UV/Vis of **1 a** in THF following excitation using a laser pulse of 360 nm. Excitation of **1 a** at 360--370 nm corresponds to the production of the ^1^[m]{.smallcaps}LCT excited states of **1 a**, and neither photochemical isomerization nor ligand substitution was induced by excitation in these regions, as described above. A relatively sharp absorption around 405 nm was observed just after excitation, which nearly disappeared within 100 fs, and was replaced by a broad absorption with a maximum at 460 nm. This absorption sharpened within 1 ps, and the maximum was slightly redshifted up to 475 nm and then slightly redshifted again within several tens of picoseconds. After this, no significant change in the absorption was observed up to 200 ps.

![Transient absorption spectra of a solution of **1 a** in THF following excitation with a femtosecond 360 nm laser pulse.](chem0018-15722-f4){#fig04}

Time-profiles of the absorption at 405, 460, and 600 nm, which can be totally fitted with triple-exponential functions with lifetimes of 70 fs, 380 fs, and 9.1 ps, respectively, are shown in Figure [5](#fig05){ref-type="fig"}.

![Time profiles of the transient absorbance of a solution of **1 a** in THF following excitation with a femtosecond 360 nm laser pulse. The monitoring wavelengths are at 405, 460, and 600 nm. Solid lines are curves calculated from a triple-exponential function. Coherent oscillations in the time profiles were not taken into account in the analysis.](chem0018-15722-f5){#fig05}

Figure [6](#fig06){ref-type="fig"} shows emission-decay curves from **1 a** after the laser flash (excitation wavelength: 400 nm). All the emission-decay profiles could be reproduced by a double-exponential function with time constants of (71±10) and (360±50) fs. In addition, the residual signal remained even after 2 ps. With a decrease in the monitoring wavelength, the contribution from the fast decaying component is pronounced, and the contribution from the residual signal becomes small. Vlček and co-workers have also reported femtosecond-emission spectroscopic results for **1 a** in MeCN, and on the basis of DFT calculations, they proposed that irradiation using 400 nm light induces the ^1^[m]{.smallcaps}LCT excited state with A′ symmetry, from which intersystem crossing occurs with *τ*=(85±8) fs to produce ^3^LC and ^3^[m]{.smallcaps}LCT, which is still vibrationally hot (^3^[m]{.smallcaps}LCT(HV)).[@b8a], [@b8e], [@b8f] Internal conversion of the ^3^LC state to the ^3^[m]{.smallcaps}LCT(HV) state with A′′ symmetry proceeds with *τ*=(340±50) fs.

![Time profiles of the emission up-conversion signals of a solution of **1 a** in THF following excitation with a femtosecond 400 nm laser pulse. The monitoring wavelengths are 600, 550, and 500 nm. Solid lines are results calculated from a double-exponential function and residual signal.](chem0018-15722-f6){#fig06}

These observations and information clearly indicate that the absorption at 405 nm can be attributed to the ^1^[m]{.smallcaps}LCT excited state, from which fluorescence is observed at a shorter wavelength than phosphorescence from the corresponding triplet excited state, and that intersystem crossing to the ^3^LC and ^3^[m]{.smallcaps}LCT(HV) excited states occurs with a lifetime of 70--80 fs in THF. Internal conversion from ^3^LC to ^3^[m]{.smallcaps}LCT(HV) and spectral evolution by means of a vibrational relaxation process of ^3^[m]{.smallcaps}LCT(HV) proceed with lifetimes of approximately 370 fs and 9.1 ps, respectively, giving the lowest vibrational ^3^[m]{.smallcaps}LCT excited states (^3^[m]{.smallcaps}LCT(LV)). To obtain the spectrum corresponding to each of the time constants, a global analysis was applied, the result of which is shown in Figure [7](#fig07){ref-type="fig"}. In this figure, the spectrum at 100 ps after excitation, which is attributed to ^3^[m]{.smallcaps}LCT(LV),[@b8c] is also listed.

![Species-associated spectra and transient absorption spectrum of a solution of **1 a** in THF following excitation with a femtosecond 360 nm laser pulse.](chem0018-15722-f7){#fig07}

These relaxation processes of the ^3^LC and ^3^[m]{.smallcaps}LCT(HV) excited states were also observed by time-resolved infrared (TR-IR) spectroscopy. Just after laser irradiation (400 nm, full width at half-maximum (fwhm)=120 fs), a new absorption and a negative peak were observed at 1545 and 1616 cm^−1^, respectively, attributable to the vibrational stretching bands of the bpy ligand (Figure [8](#fig08){ref-type="fig"}). Although the shape and strength of the negative peak did not change within 10 ps, the center of the positive peak, determined by a Lorentz-type peak fitting analysis, was blueshifted up to 1547 cm^−1^ with 1/*k*=(4.5±1.3) ps (inset of Figure [8](#fig08){ref-type="fig"}). A very broad absorption between 1830 and 1870 cm^−1^ and an absorption with a maximum at 1950 cm^−1^ were also observed along with negative peaks at 1893 and 1917 cm^−1^, which are attributable to a decrease of the CO stretching bands in the ground state of **1 a** just after the laser flash (Figure [9](#fig09){ref-type="fig"}). The absorption at 1950 cm^−1^, attributable to the ^3^[m]{.smallcaps}LCT excited state of **1 a**,[@b1f] sharpened and split into two peaks with maxima at 1955 and 1991 cm^−1^, which are attributable to two of three CO stretching bands of ^3^[m]{.smallcaps}LCT(LV),[@b1f] with 1/*k*=(5.9±0.3) ps (Figure [10](#fig10){ref-type="fig"}). These changes likely result from the relaxation of ^3^[m]{.smallcaps}LCT(HV) to ^3^[m]{.smallcaps}LCT(LV). It should be noted that the time constant of the temporal evolution of the electronic spectra resulting from vibrational cooling does not directly correspond to the dissipation process of excess vibrational energy.[@b23] That is, the temperature dependence of the electronic absorption spectra, which is inherent to the individual system, impacts the time evolution of these electronic absorption spectra through vibrational cooling. Accordingly, the time constant for the spectral evolution resulting from vibrational cooling is dependent on the detection methods, although the timescale for the changes is consistent between spectra. Therefore, in this case, the time constant for the dissipation of excess energy from ^3^[m]{.smallcaps}LCT(HV) should be in the time range of 4--10 ps.

![TR-IR spectra of a solution of **1 a** in THF using an excitation wavelength of 400 nm. The inset shows the center wavenumber of the absorption peak as a function of the delay time.](chem0018-15722-f8){#fig08}

![TR-IR spectra of a solution of **1 a** in THF at 0, 3, and 20 ps using a 400 nm laser pulse for excitation.](chem0018-15722-f9){#fig09}

![Time profile of the absorbance changes for a solution of **1 a** in THF following excitation with a 400 nm laser pulse. The monitoring wavenumber is 1990 cm^−1^. The solid line is a curve calculated from a single-exponential and step function convoluted with a laser function.](chem0018-15722-f10){#fig10}

The results in Figure [10](#fig10){ref-type="fig"} also indicate that there was a faster rise of the peak before the relaxation process. This is further supported by the rise and decay profile at 1842 cm^−1^ (Figure [11](#fig11){ref-type="fig"}). This feature might be attributable to intersystem crossing from ^1^[m]{.smallcaps}LCT because these phenomena occurred within the time frame of a laser pulse (fwhm=120 fs). The photophysics of **1 a** following excitation at the wavelength of 360 or 400 nm is summarized in Figure [12](#fig12){ref-type="fig"}.

![Time profile of the absorbance changes for a solution of **1 a** in THF following excitation with a 400 nm laser pulse. The monitoring wavenumber is 1842 cm^−1^. The solid line is a curve calculated from a single-exponential function convoluted with a laser function.](chem0018-15722-f11){#fig11}

![Photophysical processes of **1 a** following excitation at ≥360 nm in THF (lifetimes in red) and MeCN (lifetimes in blue). The lifetimes of the ^3^[m]{.smallcaps}LCT(LV) are reported values.[@b1d], [@b1h]](chem0018-15722-f12){#fig12}

Excitation using a laser pulse of ≤270 nm caused TR-spectral changes that were very different from those resulting from a ≥360 nm pulse, as described above. The transient UV-visible absorption spectra are shown in Figure [13](#fig13){ref-type="fig"}. Figure [14](#fig14){ref-type="fig"} shows a comparison of the spectra obtained using 270 and 360 nm laser light, which were observed at 50 fs, 1 ps, and 200 ps after laser excitation. The relatively sharp absorption at 405 nm observed at 50 fs following 360 nm excitation, which is attributed to the ^1^[m]{.smallcaps}LCT excited state, was not detected following 270 nm excitation at any time up to 200 ps. Instead, a very broad band at 460 nm was observed with a shoulder near 560 nm (Figure [14](#fig14){ref-type="fig"}, 50 fs). This differing spectral behavior continued for several picoseconds after the laser flash (for example, see Figure [14](#fig14){ref-type="fig"}, 1 ps). However, the spectra observed at and after 10 ps following excitation were almost identical to those observed using 360 nm excitation (Figure [14](#fig14){ref-type="fig"}, 200 ps), which are attributable to the ^3^[m]{.smallcaps}LCT(LV) excited state.

![Transient absorption spectra of a solution of **1 a** in THF following excitation with a femtosecond 270 nm laser pulse.](chem0018-15722-f13){#fig13}

![A comparison of the transient absorption spectra of a solution of **1 a** in THF obtained using laser light between 270 and 360 nm.](chem0018-15722-f14){#fig14}

Figure [15](#fig15){ref-type="fig"} shows the time profiles of the absorbance at 405, 460, and 560 nm after excitation using a 270 nm laser. Triple-exponential functions were employed to analyze the time profiles, from which lifetimes were estimated to be 25 fs, 200 fs, and 5--10 ps. The faster time constant is less reliable because this time constant is much shorter than the fwhm of the cross correlation at the sample position. The iterative analysis, however, indicated that a much shorter time constant was necessary to reproduce the experimental results. The longest time constant may be safely ascribed to vibrational cooling.

![Time profiles of the transient absorbance of a solution of **1 a** in THF following excitation with a femtosecond 270 nm laser pulse. The monitoring wavelengths are at 405, 460, and 560 nm. Solid lines are curves calculated from a triple-exponential function with lifetimes of 25 fs, 200 fs, and 4.9 ps.](chem0018-15722-f15){#fig15}

As shown above, the spectra and their time evolution observed following 270 nm pulsed excitation were quite different from those obtained using 360 nm excitation. These results strongly indicate the following photophysical and photochemical processes (Figure [16](#fig16){ref-type="fig"}):

![Photophysical and photochemical processes of **1 a** in THF following excitation with ≤270 nm light. The red text shows the lifetimes.](chem0018-15722-f16){#fig16}

1.  Intersystem crossing from singlet higher excited states (^1^HES), which are produced by excitation at 270 nm, to the triplet reactive excited state(s) (^3^HES(1)) was much faster than intersystem crossing from ^1^[m]{.smallcaps}LCT to ^3^[m]{.smallcaps}LCT observed following 360 nm excitation, and ^1^[m]{.smallcaps}LCT was not observed following excitation at 270 nm.[@b24]

2.  ^3^HES(1) decayed with a lifetime of approximately 200 fs.

3.  The decay of ^3^HES(1) produces not only ^3^[m]{.smallcaps}LCT(HV), which is still vibrationally hot, but also the other excited state(s) (^3^HES(2)) with broad absorption around 570 nm. For these processes, we could extract only one decay lifetime of approximately 200 fs. This indicates that these two decay processes proceed on a similar timescale. We will discuss the identification of ^3^HES(2) later.

4.  After the decay of ^3^[m]{.smallcaps}LCT(HV) and ^3^HES(2), the remaining excited state is ^3^[m]{.smallcaps}LCT, which has already been vibrationally cooled (i.e., ^3^[m]{.smallcaps}LCT(LV)).

The TR-IR spectra obtained by excitation with a 266 nm laser pulse (fwhm=120 fs) gave additional useful information about the intermediates in the photoisomerization of **1 a** (Figure [17](#fig17){ref-type="fig"}). Compared with that observed by using 400 nm excitation (Figure [9](#fig09){ref-type="fig"}), a broader absorption ranging from 1750 to over 2000 cm^−1^ was noted in this case just after the laser pulse, which then decayed within a laser pulse (see [Figure S5](#SD1){ref-type="supplementary-material"} in the Supporting Information: absorption at 1850 cm^−1^). This process is attributable to the formation of ^3^HES(1) because of the similar timescale (≤25 fs). After an induction period of several picoseconds, a new absorption appeared at approximately 1828 cm^−1^ (Figure [17](#fig17){ref-type="fig"}) with a rise time of 1/*k*=(7±2) ps (Figure [18](#fig18){ref-type="fig"}). This relatively sharp absorption did not change for up to 1 ns. This can be attributed to the unsymmetrical CO vibrational band of the bis-carbonyl--Re^I^ complex \[Re(bpy)(CO)~2~Cl(thf)\] (**1 c**), which should be produced by substitution of one of the CO ligands with a solvent molecule, as suggested by comparison with the IR spectra of both (*OC*-6-34)- and (*OC*-6-44)-\[Re(bpy)(CO)~2~Cl(MeCN)\] (**2 a** and **2 b**), which show similar absorptions at 1832 and 1830 cm^−1^, respectively. The induction period for the formation of **1 c** strongly suggests that there is another short-lived species that is produced from ^3^HES(2) for several picoseconds and then converted into **1 c** over another several picoseconds. It is possibly the coordinatively unsaturated complex \[Re(bpy)(CO)~2~Cl\], seeing as the formation of **1 c** proceeds by the dissociative mechanism as described in the previous section. It is also logically concluded that ^3^HES(2) is the excited state with antibonding character such as the triplet ligand field (^3^LF) state.[@b25] Intermediate **1 c** reacts with the detached CO to give the product *mer*-\[Re(bpy)(CO)~3~Cl\] (**1 b**) or to return to starting complex **1 a**.[@b26] The absorption between 1930 and 2010 cm^−1^ corresponds to the ~CO~ region of tricarbonyl complexes with a Re center that is more electron poor than the ground state of the corresponding Re^I^--tricarbonyl complexes, such as ^3^[m]{.smallcaps}LCT. This absorption, resulting from 266 nm excitation (Figure [17](#fig17){ref-type="fig"}), was different from that obtained using 400 nm excitation just after laser irradiation (Figure [9](#fig09){ref-type="fig"}), but after a few picoseconds both absorptions were similar. The rates of these processes following 266 nm excitation were 1/*k*≤120 fs and 1/*k*=(4.4±0.6) ps, respectively (see [Figure S6](#SD1){ref-type="supplementary-material"} in the Supporting Information), which are in good agreement with those for the intersystem crossing from ^1^HES and spectral evolution by the vibrational relaxation process of ^3^[m]{.smallcaps}LCT(HV) to ^3^[m]{.smallcaps}LCT(LV), both obtained by TR-UV/Vis (≤25 fs, 5--10 ps). The following spectral changes in this region were similar between the 266 and 400 nm excitation runs.

![TR-IR spectra of a solution of **1 a** in THF at 0, 3, and 20 ps following excitation by a 266 nm laser pulse.](chem0018-15722-f17){#fig17}

![Time profile of the absorbance changes of a solution of **1 a** in THF at 1828 cm^−1^. The red solid line is derived from solving the rate equation of the two-step reaction with 1/*k*~1~≍7 ps and 1/*k*~2~≍7 ps.](chem0018-15722-f18){#fig18}

Although ^3^LC might also form from ^3^HES(1), we do not have clear evidence to support this because the spectra of both ^3^LC and ^3^HES(1) were very broad and were observed at similar UV-visible and IR regions.

In a solution in MeCN, time-resolved UV-visible absorption spectra (Figure [19](#fig19){ref-type="fig"}) showed a temporal evolution similar to that observed using 360 nm laser excitation in THF (Figure [4](#fig04){ref-type="fig"}), with the exception of the UV-visible absorption spectrum of the ^1^[m]{.smallcaps}LCT excited state, which showed a maximum at 430 nm and a 25 nm redshift relative to that in THF. The lifetime of the ^1^[m]{.smallcaps}LCT was (72±2) fs ([Figure S7](#SD1){ref-type="supplementary-material"}), which is consistent with TR-emission measurements (*τ*~em~=(71±2) fs, observed by us, [Figure S9](#SD1){ref-type="supplementary-material"}; (85±8) fs, reported by Vlček et al.[@b8a]). The transient profiles and the lifetimes of the ^1^[m]{.smallcaps}LCT, ^3^LC, and ^3^[m]{.smallcaps}LCT(HV) are shown in [Figure S7](#SD1){ref-type="supplementary-material"} in the Supporting Information, and their lifetimes are summarized in Figure [12](#fig12){ref-type="fig"}.

![Transient UV-visible absorption spectra of a solution of **1 a** in MeCN following excitation with a femtosecond 370 nm laser pulse.](chem0018-15722-f19){#fig19}

The time evolution of the transient UV-visible absorption spectra of **1** in MeCN excited with a 270 nm femtosecond laser pulse was also quite different from that resulting from 370 nm laser excitation (Figure [19](#fig19){ref-type="fig"}). As shown in Figure [20](#fig20){ref-type="fig"}, transient spectra immediately after the 270 nm excitation show no sharp peak at 430 nm ascribable to ^1^[m]{.smallcaps}LCT. However, a very broad absorption band with increased intensity in the shorter wavelength region was observed immediately after excitation. In the time range of \<100 fs, a new absorption band in the 430--450 nm region gradually appeared, and then the absorption spectrum due to ^3^[m]{.smallcaps}LCT was mainly confirmed at and after several picoseconds following excitation. Time profiles of the transient absorbance at several wavelength points are exhibited in [Figure S8](#SD1){ref-type="supplementary-material"} in the Supporting Information, in which all of the time profiles could be reproduced by a triple-exponential function with time constants of 30 fs, 130 fs, and 5--15 ps. As was mentioned in the previous sections, the faster time constant was less reliable because of the rather long cross-correlation width of the pump and probe pulses.

![Transient absorption spectra of a solution of **1 a** in MeCN following excitation with a femtosecond 270 nm laser pulse.](chem0018-15722-f20){#fig20}

From the above experimental results, the photophysics and photochemistry of **1 a** excited with 270 nm light in MeCN can be summarized (Figure [21](#fig21){ref-type="fig"}). In addition to the 30 fs decay, which is attributable to intersystem crossing, two rise and/or decay components were observed, the lifetimes of which were approximately 130 fs and 5--15 ps. Because the component with *τ*≍130 fs was detected only under the conditions that included both the MeCN solvent and 270 nm excitation wavelength, and because it was faster than the corresponding component measured in THF (ca. 200 fs), it can be attributed to the process for the formation of the intermediate of **2 a** (i.e., \[Re(bpy)(CO)~3~Cl⋅⋅⋅(NCCH~3~)\], **2 d**) from ^3^HES(1). This component (*τ*≍130 fs) should also be involved in the other conversions starting from ^3^HES(1) (i.e., the formation of ^3^[m]{.smallcaps}LCT(HV) and ^3^LF). The additional pass to produce **2 a** can be induced only in an MeCN solution or mixed solutions of THF with a high concentration of MeCN, but did not occur in THF alone. Since the yield for the formation of **2 c** was not affected by the concentration of MeCN in the reaction solution, the process for the formation of **2 d** can compete with that for the formation of ^3^[m]{.smallcaps}LCT(HV) but not with that for the formation of ^3^LF. Because the lifetime of the ^3^HEM(1) state should be too short for bulk MeCN molecules to diffuse and collide with this excited state existing in a suitable conformation for addition to the Re center, only MeCN molecules located near the excited complex, conveniently having the appropriate geometry, should be able to interact with the central Re (Scheme [2](#sch02){ref-type="scheme"}). It is noteworthy that this consideration of the timescale is very consistent with that of the solvent effects described in the "Mechanisms of the photochemical reactions". We have already reported the TR-IR spectra of **1 a** in MeCN after 266 nm (fwhm=150 fs) excitation, and they clearly indicated that the formation of the ligand-substitution products, **2 a** and **2 c**, was already complete within 100 ps after excitation.[@b9a] Therefore, the decay of **2 d** by the elimination of the CO ligand leading to **2 a** and probably the recovery of **1 a** by the elimination of MeCN might proceed within several tens of picoseconds.

![Photophysical and photochemical processes of a **1 a** in MeCN following excitation with 270 nm light. The red text shows the lifetimes.](chem0018-15722-f21){#fig21}

The component with *τ*=5--15 ps is attributable to the decays of both ^3^[m]{.smallcaps}LCT(HV) and ^3^LF. As described in the "Mechanisms of the photochemical reactions" section, the formation of **2 c** in MeCN, which isomerizes to **2 b** with a lifetime of several hours, proceeds through the same intermediate that leads to **1 b** in THF (i.e., the coordinatively unsaturated complex \[Re(bpy)(CO)~2~Cl\]).

Conclusion
==========

The mechanisms of the photochemical reactions of **1 a** have been clarified in detail by the combination of steady-state irradiation, TR-UV/Vis, TR-IR, and TR-EM experiments. Irradiation of **1 a** using high-energy light (270 nm) induces the formation of the higher singlet excited state (^1^HES: *τ*≤30 fs), which is quickly converted to the corresponding triplet state (^3^HES(1)) without the formation of ^1^[m]{.smallcaps}LCT. In a solution in THF, ^3^HES(1) is competitively converted to both ^3^LF and ^3^[m]{.smallcaps}LCT excited states with 1/*k*≍200 fs. The former is a reactive state giving coordinatively unsaturated \[Re(bpy)(CO)~2~Cl\] and then THF complex **1 c**, both with 1/*k*≍7 ps. Re-coordination of CO to **1 c** gives both starting complex **1 a** and meridional isomer **1 b**. In a solution in MeCN, irradiation of **1 a** using high-energy light also gives the coordinatively unsaturated complex \[Re(bpy)(CO)~2~Cl\] through ^3^LF, which is rapidly converted to one of the MeCN complexes (**2 c**). This process requires thermal activation (*E*~a~=(1112±58) cm^−1^) probably because a flip of the Cl^−^ ligand is necessary. The isomerization of **2 c** to **2 b** proceeds within several hours even at ambient temperature. In addition, another ligand-substitution process occurs in MeCN. Seven-coordinate complex **1 d** is produced with 1/*k*≍130 fs and is then converted to **2 a** within 100 ps. However, irradiation of **1 a** using lower energy light (360 nm) does not cause any photochemical reactions but gives the ^1^[m]{.smallcaps}LCT excited state, which demonstrated a relatively sharp absorption band at 405 nm in THF and at 430 nm in MeCN. Intersystem crossing from the ^1^[m]{.smallcaps}LCT excited state with a lifetime of approximately 70 fs gives both ^3^LC and ^3^[m]{.smallcaps}LCT(HV). Key processes could be followed by transient UV-visible absorption, emission, and IR spectroscopy, that is, the internal conversion process from ^3^LC to ^3^[m]{.smallcaps}LCT(HV) (1/*k*=several hundreds of femtoseconds) and the vibrational relaxation process from ^3^[m]{.smallcaps}LCT(HV) to the lowest excited state ^3^[m]{.smallcaps}LCT(LV) (1/*k*=several picoseconds).

These results also give important information on the limitation of **1 a** as a photofunctional molecule under irradiation condition with \>330 nm light. Even in solution with low coordination abilities, the very rapid deactivation process proceeds by the associative mechanism. The rapid photochemical ligand-substitution reaction by the dissociative mechanism might be also a problem. Therefore, excitation of **1 a** to the HES should be avoided for use of **1 a** as a photofunctional molecule.
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